Thirty years ago we proposed string junction model of hadrons and examined structure and reaction of hadrons including exotic ones. Mass m of exotic hadrons of light quarks is roughly given by m ∼ NJ · mB, where NJ is the total number of junctions and mB ∼ 1 GeV is the ordinary light baryon mass. In this paper we introduce "cluster hypothesis" into the model by which mass of a complex hadron is given by the sum of masses of clusters composing it. The hypothesis guarantees the established picture that mass differences of hadrons of the same string junction structure are due to those of the constituent quarks.
§1. Introduction
There exist numbers of ordinary hadrons made from quark q and anti-quark q: the ordinary meson M =and the ordinary baryon B =. A discovery of unconventional hadrons with extraordinary structure, however, had not been reported for a long time. This poses a quite keen contrast with situations of atoms and atomic nuclei both as physical composite systems. The reason of the contrast may be closely related to the mechanism of quark confinement. Since we have almost no established methods to treat low energy phenomena of QCD, we adopt in this paper a model based on the string picture of confinement. We expect this will give a clue to clarify low energy nature of QCD in a complementary way to other approaches such as lattice gauge theory.
In our model quark confinement is considered to be realized by colored string. The string has "orientation" because, when the string is cut by pair creation of quarks, the sequence of q and q is unique. When we define the orientation by the direction toward a confined quark at the end, there should exist in the baryon a "singular point" from which three strings emerge and where three colors are neutralized. This point is called " junction". 1) In the string junction model we proposed in 1977 2) (abbreviated as SJM)(see also 3),4),5)), we investigated unconventional hadrons including exotic ones. The reason why they were so difficult to be observed was attributed to their complex structure, in particular, to the nature of junction, which was regarded as a physical entity similarly to quarks.
In 2003 a discovery of an exotic penta-quark baryon, Θ(1530) with strangeness S = +1, was reported, 6) though experimental judge for this candidate is controversial up to now. Recently the Belle Collaboration has reported a new resonance Z + (4430). 7) As emphasized in the paper, Z + is a charged particle and is a good candidate for tetra-quark meson containing (u, c, d, c). In the present article, we investigate exotic hadrons of SJM.
Our paper is organized as follows. In section 2, a brief summary of hadrons of SJM is firstly given. Except for the ordinary meson, baryon and a simple string ring, every unconventional hadron has a chain of junctions and anti-junctions as its skeleton. Under reasonable assumptions the standard mass m of a hadron containing only light quarks is roughly given by 1) where N J is the total number of junctions of the hadron and m B ∼ 1 GeV is the ordinary light baryon mass. Then the mass of light penta-quark baryon with N J = 3 is supposed to be about 3 GeV while that of light tetra-quark meson with N J = 2 to be about 2 GeV. We introduce "cluster hypothesis" into SJM. Namely, when all the inter-junction strings within a hadron are cut at the same time, each connected part is called as a single cluster. By the hypothesis mass of a hadron with multi-cluster structure is given by the sum of masses of the clusters, and the traditional picture that mass differences of hadrons with the same string junction structure come from those among constituent quarks is guaranteed. For ordinary mesons and baryons of light quarks, the mass difference between strange and non-strange quarks is expressed by the mass formula of Gell-Mann-Okubo(GMO) 8)9) with T 3 3 breaking of flavor SU (3) f . We consider T 3 3 breaking should be applied to each cluster but not to any unconventional hadrons with complex structure as a whole. A comparison of exotic hadrons of SJM with those of Skyrmion model 10)11) and di-quark model 12) is also given.
In section 3 we discuss quark rearrangement diagram, duality and selection rules, where physical roles of junction are shown in connection with tetra-quark meson and penta-quark baryon. Although "indirect", B-B duality gives important information that the mass of light tetra-quark meson should be about 2m B . The selection rule by Freund-Waltz-Rosner 13) to suppress the decay of tetra-quark meson into two ordinary mesons is replaced by a rule to forbid junction hair pin line diagram, 14) which is in parallel to the OZI rule 15)16)17) to forbid quark hair pin line diagram. This would explain the "narrow" width of Z + .
In section 4, the mass of junction is estimated as m J ∼ O(10) MeV. A heuristic argument by uncertainty relation is given on the mass of string attached to a source quark together with its length in the ground state hadron. When Z + (4430) is established, it helps to determine basic parameters of SJM in a "direct" way. In subsection 4.4 newly added after the report of Z + , we identify it with tetra-quark meson composed from (u, c, J;J , d, c) including a pair of junctions, and estimate the mass m IJ of inter-junction string and the energy δ necessary to cut it by creating a pair of quarks. This makes it possible to predict masses of unconventional hadrons, such as 3380 MeV for Θ containing an s. A summary of the parameters of SJM is presented in section 5. §2. String junction model, cluster hypothesis and mass of hadrons
String junction model
In SJM there are various hadrons such as shown in Fig. 1 . In this paper, the upper suffix of hadron symbols denotes N J , the total number of junctions (sum of junction number and anti-junction number), and the lower suffix denotes N q , the total number of quarks (sum of quark number and anti-quark number). , andandare connected with J andJ respectively. Junction and anti-junction are connected by an "inter-junction string" (Fig.1(c) ) . Exotic baryon B 3 5 containsand JJJ, and the latter are connected by two interjunction strings. Quarksand anti-quark q are connected with J andJ respectively( Fig. 1(g) ). 3. A string ring which contains neither quark nor junction is called "Pomeron".
The exchange of this in t-channel leads to diffraction scattering at high energies. 4. Except for ordinary mesons, baryons and Pomeron, hadrons in SJM contain at least one inter-junction string. It should be noted that unconventional hadrons have such skeleton type structure of multi-junction. M 2 2 ( Fig. 1(d) ), S 2 0 ( Fig.1(e) ) and B 3 3 ( Fig.1(f) ) are examples of unconventional hadrons. 5. In SJM, di-baryon D 4 6 is not merely six quark state but it has the structure with three junctions and one anti-junction(Fig1(h)). 
Cluster hypothesis and mass of hadrons
where m q denotes the "constituent quark mass", which includes both the mass m q of the "source quark" and the energy of the string connecting it with a junction. (A relation between m q andm q is discussed in subsection 4.2.) When we assign N IJ = 1/2 to each of the "cut" inter-junction string, mass of any multi-cluster hadron is given by the sum of mass of the clusters ("additivity"):
(IV) Since the mass of junction and the mass of inter-junction string are flavor independent, the mass of multi-cluster hadron faithfully reflects the constituent quark mass.
Except for the ordinary meson, baryon and Pomeron, there are three kinds of clusters: {qqJ · (HIJ)}, {qJ · 2(HIJ)} and {J · 3(HIJ)} together with their charge conjugate partners, where HIJ is the abbreviation of one half of the inter-junction string. Mass of them is shown in Table I . Several examples of cluster structure including exotic hadrons are given in the first column of Table II . For examples, exotic meson 
is composed of two clusters, {qqJ·(HIJ)} and {qqJ·(HIJ)}, and S 2 0 represents the gluonium without quark and is composed of two clusters {J·3(HIJ)}, {J ·3(HIJ)}. Penta-quark baryon B 3 5 is composed of three clusters, {qqJ·(HIJ)}, {qJ ·2(HIJ)} and {qqJ·(HIJ)}. Likewise, B 3 3 is composed of three clusters, {qqJ·(HIJ)}, {J·3(HIJ)} and {qJ·2(HIJ)}.
The mass of hadrons of Eq. (2 . 1) is rewritten as
if we note the relation
where
denotes the mass of the ordinary baryon B and
means that the energy necessary to cut an inter-junction string by quark pair creation is δ. The cluster structure of unconventional hadrons in Fig. 1 and standard mass of them are shown in Table II .
It may be natural to assume parameters m q , m J , δ, m IJ are "universal" in SJM irrespective of hadron structure. If the parameter δ is small compared with m B , multi-cluster hadron mass is approximately given by
(2 . 7)
Actually, we will see in section 3 and subsections 4.3 and 4.4 that the parameter δ is rather small. Then mass of tetra-quark meson and mass of penta-quark baryon are ∼ 2m B and ∼ 3m B , respectively. 
Mass splitting due to strange quark
Mass splitting due to strangeness among hadrons belonging to an irreducible SU (3) f representation is given by T 3 3 breaking of the GMO mass formula as 
For the cluster {qqJ · (HIJ)}, there are two cases for the quark pair qq. For the anti-symmetric case [q, q] which belongs to 3 representation of SU (3) f , I = −Y /2 + 1/3 while for the symmetric case{q, q} which belongs to 6 representation, I = +Y /2 + 2/3. Again Eq.(2 . 8) is linear on S for either case. For completeness, note that the cluster {qJ·2(HIJ)} of course belongs to 3 representation, thus has linear dependence on S. In this way, the mass splitting of hadrons in SJM under the cluster hypothesis is always reduced to the number of s and s quarks contained.
The configuration of penta-quark baryon B 5 3 is
where (q, q) denotes either [q, q] or {q, q}. For simplicity we take the same mass of 2m q for the both cases. If we write concretely, we have
For the pair of same flavor quarks, uu, dd and ss, only the symmetric combination {q, q} survives. Characteristic features of penta-quark baryon of SJM are as follows: (1) If we neglect both ∆ s and δ, which may be expected to be small compared with m B , exotic baryon B 3 5 will have mass around three times of baryon mass: Here we will add short comments on some other models of penta-quark baryon; Skyrmion model and di-quark model of Jaffe and Wilczek. In Skyrmion model 10) , 11) penta-quark baryon is regarded as a single topological soliton. The soliton including Θ is assigned to pure 10 representation of SU (3) f . Mass of Θ is calculated to be 1530 MeV. The quark contents of the 10 representation together with the average of the total number of s quark for this representation are given below; Among them, Θ is the lightest, but the mass differences are only (1/3)∆ s . In the di-quark model, 12) a pair of quarks is a constituent unit of hadrons, so that the configuration of penta-quark baryon is (di-quark)-(di-quark)-(anti-quark). The re-
Quark rearrangement diagram and duality

1)KN and KN duality and penta-quark baryon
The non-Pomeron part of KN scattering is given only by H type diagram, while the non-Pomeron part of KN scattering is only by X type one. Quark rearrangement diagram of KN and KN is depicted in Fig. 2 . Intermediate state of s-channel of the former is contributed from ordinary baryons with S = −1, while that of the latter with S = +1 is never from penta-quark baryons but simply the ones obtained by s-u crossing of Fig.2(a) . Note that penta-quark baryon has the structure not only of five quarks but it has three junctions(JJJ) in SJM and never appears in s-channel of KN . Total cross section difference ∆σ T (KN ) is related to the imaginary part of forward scattering amplitude T by optical theorem as below. 2) N N and N N duality and unconventional mesons Corresponding to Fig. 2(a) of KN scattering, there are three quark rearrangement diagrams of H type in SJM 2) of N N scattering:
Note that the existence of junction leads to new diagrams H D (t : M M, s : M 2 2 ) and H T (t : M M M, s : S 2 0 ) in N N scattering. Here S, D, T mean respectively single, double and triple exchange of ordinary mesons in their t-channels. Note the contribution of unconventional mesons in their s-channels. There are also three s-t crossed ones;
These six H type diagrams are shown in Fig. 3 (a) ∼ (f).
We examine difference of total cross section ∆σ T (N N ) expressed as below: Similarly to Eq.(3 . 1), ImT denotes the respective non-Pomeron amplitudes.
A few comments are in order. They are essentially the same as those on ∆σ T (KN ). Non-Pomeron part of T (pp) is known to be almost real. It is given by six X-type diagrams, which are analogous to X type diagram in Fig.2(b) of KN scattering. They are respectively obtained from six H type diagrams in Fig. 3 by s-u crossing, whose s-channel states are never di-baryon resonances. Note that "dibaryon" in SJM is composed not only from six quarks but also from three junctions and one anti-junction, as shown in Fig.1(h) . Di-baryon, thus, does not contribute 
Selection rules and penta-quark baryon
In order to secure a suppression of the decay of tetra-quark meson M 4 → M M , Freund, Waltz and Rosner proposed a selection rule. 13) In SJM this FWR selection rule is interpreted as suppression of junction-anti-junction hair pin diagram 14) , 2) similarly to OZI rule 15)16)17) to suppress quark-anti-quark hair pin diagram. We will call the process shown in Fig. 4(b) as "junction hair pin(FWR) rule" forbidden process. The junction hair pin(FWR) rule is viewed from a different standpoint. When we apply 1/N c expansion 27)28) to SJM, we obtain 29) a suppression factor of O(1/N c ) for OZI rule and that of O(1/ √ N c ) for junction hair pin(FWR) rule. We conclude this subsection by saying that (1) K + n scattering contains only X type amplitude so that no resonance contribution is expected in this case due to duality and (2) even if Θ exists, JJ hair pin line has to be newly created in Kn → Θ, which is a forbidden process. §4. Comments on parameters of SJM
Mass of junction
One simple way to estimate junction mass m J is to use the mass of ordinary baryon and meson as follows, 
Naive estimate of length of string from uncertainty relation.
Every string in the ground state hadron in SJM is expected to have "minimal length" due to zero point oscillation. The minimal length and the mass are evaluated by uncertainty relation. Let x be the distance from a junction to a source quark with massm and assume that the string connecting them is almost straight. The sum of kinetic energy of the source quark and linear potential energy to trap it is the constituent quark mass m q , but we write it as E in this subsection for the sake of convenience.
where p is the source quark momentum and σ is the string tension. The string length L is estimated from x such that it minimizes E by taking p = 1/x from the uncertainty relation.
(4 . 5)
(4 . 6) * ) Pseudoscalar meson should be discussed quite differently, since chiral symmetry and its spontaneous breaking plays essential role there. * * ) mB ∼ (4mN + 16m∆)/20 ∼ 1172 MeV.
When we set the constituent quark mass m N ≡ E N equal to m B /3=0.390 GeV in the previous subsection by neglecting m J , we obtain
so that L N ∼ 5.1 GeV −1 .
(ii) For heavy quarks Q = (c, b, t) whose massesm
Most of the constituent mass m Q ≡ E Q comes from the source quark massm Q , and thus the mass difference among constituent quark masses comes almost from that of the source quarks.
It will be interesting to compare the above result with the one obtained by WKB approximation for m Q ≡ E Q trapped in one dimensional linear potential. For linear potential
where V 0 > 0. WKB approximation gives 10) in the limit V 0 → ∞, a → ∞, with V 0 /a = σ kept finite. Note that both E Q −m Q and E WKB −m Q have the same functional form with different numerical factors:
(iii) Intermediate of the above two cases is strange quark, whose source quark mass
Although we have to resort to a numerical calculation finally, let us use the Taylor expansion of E s = p + (1/2)m 2 s /p + σ · x as Eq. (4 . 5), but the second termm 2 s /p is fixed in minimizing E s by uncertainty relation.
Here we get a somewhat surprising result as follows: The mass difference of constituent quarks from the above is Our numerical results are given in Table IV . This is obtained from the minimum of E of Eq. (4 . 4) with p = 1/x. Table IV includes the case of Eq. (4 . 11). * ) Forms ∼ 0.13 GeV ∼ 0.7 × √ σ, we are able to confirm thatms/p with p ∼ √ σ is within convergence radius of Taylor expansion. For s quark L s ∼ 0.8L N . For heavy quarks L Q is much shorter. For example, L c ∼ 0.5L N for charm quark, though the 1/x behavior of the potential near x ∼ 0 has to be taken into account of. The Belle Collaboration has reported 7) a new resonance Z + (4430) in the invariant mass distribution of π ± ψ ′ . We consider this Z + (4430) is a good candidate for M 2 4 (ucJ;J cd) in SJM. By this assignment we can "directly" determine the parameter m IJ , energy of inter-junction string, and thus δ.
The constituent quark mass m q is set equal to E q in Table IV In SJM, decay Z + (4430) → πψ ′ occurs only through forbidden process by junction hair pin(FWR) rule(see Fig.4(b) ). §5. Summary
We consider the junction as not merely a mathematical symbol but a physical entity playing a role of connector of orientable strings, and discussed the nature of unconventional hadrons with skeleton-like structure of junctions. We introduce cluster hypothesis into SJM. Based on this picture, mass of hadrons with multiclusters is given, Recently one of the authors(S. O.) was informed from Tamagaki 33) that he is making study about such universal repulsion among three baryons that is necessary to stabilize neutron stars under the mixture of hyperons. This is the extension of his work about the universal repulsion between two baryons(R. Tamagaki, Bulletin of the Institute of for Chemical Research, Kyoto Univ. , Vol. 60, No. 2(1982),190) . By noting flavor independence of these two universal repulsions, he attributes them to flavor independent nature of the junction of SJM.
Note Added
In the previous version of the paper, there was a mistake in the description related to penta-quark baryon belonging to 10 f . We corrected the presentation related to this point.
